The fundamental relationship between DNA sequence/deformability and biological function has attracted numerous experimental and theoretical studies. A classic prototype system used for such studies in eukaryotes is the complex between the TATA element transcriptional regulator and the TATA-box binding protein (TBP). The recent crystallographic study by Burley and co-workers demonstrated the remarkable structural similarity contrasted to different transcriptional activity of 11 TBP/DNA complexes in which the DNAs differed by single base-pairs. By simulating these TATA variants and two other single base-pair variants that were not crystallizable, we uncover sequence-dependent structural, energetic, and exibility properties that tailor TATA elements to TBP interactions, complementing many previous studies by re®ning kinetic hypotheses on sequence/activity correlations. The factors that combine to produce favorable elements for TBP activity include overall¯exibility; minor groove widening, as well as roll, rise, and shift increases at the ends of the TATA element; untwisting within the TATA element accompanied by large roll at the TATA element ends; and relatively low maximal water densities around the DNA. These features accompany the severe deformation induced by the minor-groove binding protein, which kinks the TATA element at the ends and displaces local water molecules to form stabilizing hydrophobic contacts. Interestingly, the preferred bending direction itself is not a signi®cant predictor of activity disposition, although certain variants (such as wild-type AdMLP, 5
Introduction
The DNA/TATA-box binding protein (TBP) system is one of the most beautiful and important DNA/protein complexes known; the name TATA stems from the consensus octamer sequence of the DNA-binding site, TATA(t/a)A(t/a)c, where (t/a) indicates thymine or adenine, and c indicates any base 1 (see also http://www.epd.isb-sib.ch/ promoter_elements/). As a member of transcrip-tion factor IID, TBP plays a central role in assembling the pre-initiation transcription complex in eukaryotes; see Burley & Roeder, 2 Figure 1 , for the transcription complex assembly cycle. The structure of TBP with its DNA recognition site was solved in 1993 by two crystallographic teams. Figure 1 . Bending propensities, relative¯exibilities, and global tilt (y T ) and global roll (y R ) of 13 TATA variants over the production 1.8 ns period. (a) Global tilt and global roll of the 13 variants over the last 1.8 ns. Ellipses enclosing 90 % of the bending angles are drawn as described in Computational Methodology; the ellipse center is at the ensemble average hy T i, hy R i. The lengths of the major and minor ellipse axes are scaled to one-tenth size to show the relative positioning of all variants with minimal overlap; the full-scale ellipses are drawn for each variant below. The ellipses (and other ®gures) use a color-coding system to distinguish among variants with high TE (TE 5 80 % WB; green), medium TE (20% 4 TE < 80%; red), low TE (TE 4 20 %; yellow), and estimated TE (for T24; blue). , normalized relative to the wild-type sequence WB: È i Â sd,i /Â sd,WB . The averages of measured property values for the three TE classes (low, medium, and high TE) are indicated by large circles. Linear least-squares best ®ts are indicated by red lines. Bottom panels: Global bending angles of 13 TATA variants. The lengths of the major and minor ellipse axes (a and b) are indicated in red next to the ellipses. The ensemble average bending magnitude (y T 2 y R 2 ) 1/2 (large red dot) for each variant is indicated, along with with TE and sequence.
Although both TBPs and DNAs used in these studies are from different sources (yeast TBP/29-nucleotide yeast hairpin 3 and Arabidopsis thaliana TBP/14 base-pair adenovirus major late promoter (AdMLP) 4 ), the structural similarity between these complexes is remarkable. This consensus structure now forms the basis for our understanding of transcription initiation in eukaryotes, and serves as a model system for appreciating the evolved partnership between proteins and DNA in regulatory processes. 5 ± 7 As experimental evidence has accumulated on the complex macromolecular transcriptional machinery in eukaryotes, 8 including TBP, its core TATA element promoter, and other transcription factors, 9 many theoretical studies have probed the relationship between DNA deformability and the molecular recognition/biological function of these complexes. 10 ± 12 First, it is fundamentally appreciated that a unique coordination of sequence and structure compatibility has evolved between the DNA promoter and TBP (see Figure 4 , center, for an illustration of the complex), as proposed in recent theoretical investigations (see Table 1 ). Speci®cally, the b-saddle shaped TBP protein, with a convex upper surface formed by a-helices, and a concave underside formed by an anti-parallel b-sheet, cradles the DNA through minor groove interactions and forms stabilizing hydrophobic contacts with the DNA along the complementary water-sparse surfaces. This close contact between the protein saddle with its framing``stirrups'' (connecting loops) and the DNA results in a severely bent and distorted DNA. Second, the well-noted preference for AT base-pairs in TATA elements is a key aspect of minimizing the energetic cost of this deformation. Third, while AT base-pairs are preferred, many naturally occurring TATA elements exhibit sequence variations with respect to the consensus. Though tolerated in terms of binding to TBP, even single base-pair changes in TATA elements signi®cantly affect the resulting transcriptional ef®ciency (TE) of the TBP/TATA complexes (Table 2) . 13, 14 Therefore, a better molecular-level understanding of DNA deformability/functional relationships will help analyze and extend these observations. Analyses of the equilibrium and dynamic properties exhibited by a larger ensemble of DNA variants than performed to date can help unify the ®ndings reported to date (e.g. see Table 1 ).
A recent crystallographic investigation contrasted TBP co-crystallized with the AdMLP TATA element (5 H -TATA Á AAAG-3 H , called WB here), against TBP complexes involving ten single basepair DNA variants. It is intriguing that the high degree of structure conservation observed in the DNA/protein complexes did not translate into preservation in functionality.
14 Namely, TE values ranged from high (100 % with respect to WB) for T25 (TATA ÁAATG) to moderate (around 40 %) for T24 (TATA ÁAAAT){ and T27 (TATA ÁTAAG), to very low (6%) for C25 (TATA ÁAACG) and T26 (TATA ÁATAG); see Table 2 for data and nomenclature. In terms of structure, A to T and T to A substitutions were found to be generally well tolerated, while substitutions from A or T to G or C were accommodated in some cases by rearrangements of speci®c interactions and alternative Hoogsteen base-pairing. 14 This crystallographic evidence suggested to Burley and co-workers that TATA/TBP recognition (and corresponding transcriptional activities) occur through mutually complementary motions expressed by sequencedependent dynamics of each TATA variant.
The unusual distortion of DNA in the TBP-bound complex has attracted many theoretical and experimental investigators. Studies have explored the transition involved in deforming the DNA to the complex structure, 15 ± 22 and the DNA sequence complementarity to TBP binding and function 23 ± 26 { (see Table 1 for a summary table of theoretical studies). In particular, work has shown the importance of base-pair step¯exibility at the phenylalanine intercalation positions À31 and À30 (step TA in WB), 20 bending motions in the complex, 27 and the role of solvation and internal DNA electrostatics in directing and stabilizing the complex deformations. 16 Here, we report 13 nanosecond MD simulations on the 11 single base-pair variants of the TATA element co-crystallized with TBP 14 (WB plus ten variants), and on two TATA elements that resisted crystallization attempts (G28 and A29)}. Our analysis aims to dissect systematic thermodynamic and kinetic differences that are likely to affect TBP/DNA binding and, ultimately, the disparate activity values associated with these variants (Table 2) ; simulations of DNA/protein complexes represent the next step of our study and are underway. It is unfortunate that work to date cannot be uni®ed easily, since it re¯ects different force-®elds, various simulation protocols, as well as approximate functionality measurements, because studies were conducted prior to the Patikoglou et al. experimental work.
14 The different conclusions reached regarding bending direction and magnitude of TATA variants 17, 23, 24 are also sensitive to the pro- 
The TATA octamers are¯anked by GC on the 5 H -side and by GGCA on the 3 H -side. The adenovirus 2 major late promoter (AdMLP) TATA element sequence serves as the control (or wild-type) sequence (WB). Single position variants (bold characters) are indicated relative to WB, and labeled according to the replaced base and position with respect to the transcription initiation site. Base complementarity is assumed for the opposite strand. Transcriptional ef®ciencies (TEs) for A29 and T24 (marked by asterisks) are based on Bernue Âs et al. 48 and Wobbe & Struhl, 13 respectively. Additional TE data merging ®ndings from three laboratories is available in Table 4 .
{ This TE estimate is based on the sequence TATA Á TAAT (T24/T27 in our notation), with TE measured against a wild-type his3 control. 13 The TE values using a wild-type his3 control are directly comparable to a wild-type AdMLP control (see Table 4 ), indicating that a scaling factor of 0.4 may be applied to normalize the wild-type his3 control to WB, as the authors suggest.
{ Observations by Pastor et al. 25, 26 were based on six TATA variants, of which T27, G26, and WB are also studied here.
} G30 and C30 also resisted crystallization attempts; steric clashes with Leu163 explain this result. 28 A steric clash is presumed between Val119 and G28.
14 cedures used to measure the global helical curvature; we attempt to reconcile these observations here by using our global bending analysis 29 that accounts for each base-pair step, not only extremal steps. 17, 23, 24, 30, 31 In addition, conclusions on general relationships between DNA sequence deformability and activity can appear oversimpli®ed when reached from studies of a small group of variants; we show this here by the variability of bending preferences exhibited by high and low transcriptionally active TATA variants.
Our analysis delineates, over a large group of DNAs, a combination of equilibrium and dynamic factors that produces favorable elements for TBP activity in high TE variants. These factors include overall¯exibility, increased roll and minor groove widths at the end base-pair steps, untwisting within the TATA element coupled with roll at the end base-pair steps, low maximal water densities close to the DNA, and aǹ`o ptimal'' ion density. The¯exibility, local motions, and ionic environment trends facilitate the large-scale distortion of the DNA and modulate phenylalanine intercalation at TATA ends; the low maximal water densities facilitate TBP binding by lowering the solvation energy loss upon complexation. These general trends, though not applicable to all sequence variations, reinforce and extend the many works to date ( 
Results

Models and overall analyses
Thirteen simulations were performed on 14-bp DNA duplexes, as shown in Table 2 , with the AMBER PARM94 force-®eld 36 including water and ions. Setup, equilibration, force-®eld, and integrator details are described under Computational Methodology.
For structure analysis, we use the Curves program, 37, 38 supplemented by our global bending analysis program Madbend, 29 and principal component analysis (PCA) 39 ± 41 developed for this study.
The dif®culty of quantifying bending in highly deformed DNA is widely appreciated, 42 given the sensitivity to local de®nition of base-pair parameters. 43, 44 Various bending frameworks have thus been proposed; see Zhurkin, 30, 31 Trifonov, 45 and Lavery, 24 for example. Our global bending description (program Madbend, http://monod.biomath.nyu.edu/, click on Software) extends procedures reported to date, essentially by summing accumulated roll and tilt projections onto a reference plane after adjusting for helical twist. 29 PCA is a widely used tool for motion interpretation 39 ± 41 that describes trajectory¯uctuations by independent modes. The motions are hierarchically organized so that the ®rst several modes describe most of the motion characteristics of the trajectory. Recently, Laughton and co-workers described the dominant global bending motions in A-tract DNA. 41 Here, in addition to PCA for analyzing individual trajectories, we develop aǹ`e nsemble PCA'' protocol to analyze the merged trajectory of all 13 TATA element variants. These two PCA procedures are complementary: the individual ensemble PCA (performed separately for each variant trajectory) highlights the prominent motions of each variant ( Figure 3) ; the uniform ensemble PCA rigorously identi®es common motions and relates the signi®cance of such motions among variants (Figures 2 and 7) . Details can be found in Computational Methodology.
Global DNA bending Figure 1 shows the relative (top) and entire (bottom) bending range of all variants in the framework of global tilt and global roll {y T , y R }, as described in Computational Methodology. 29 Our two high TE variants, WB and T25, are very¯ex-ible: WB bends towards the major groove (average bend of 17 ), and T25 bends towards the backbone (23 bend). In contrast, the less¯exible A-tract variant (A29) bends towards the minor groove (negative y R , 16 bend), in good agreement with previous A-tract simulations; 29, 46, 47 differences from other TATA element simulations 17, 23, 24 likely arise from the different bending analyses used in these works (bending angle measured between extremal base-pair step vectors). Though A29 has resisted crystallization attempts with TBP, 14 it forms transcriptionally inactive complexes with TBP in vitro. 48 The relevance of global bending to the activity of TATA elements can be estimated from our uniform ensemble PCA. The two dominant independent motions (PC 1 and 2, Figure 2 ), capture 40 % of the overall motion and describe global bending motions along the groove and backbone directions, respectively. Though certain variants display bend directions correlated with promoter activity, as indicated by previous studies of TATA elements jYi for each variant i in PC j (or combined PCs) is calculated as the mean-square projection, normalized by the trace (e.g. equation (2)). The linear least-squares ®t of the relative magnitude of motion to TE is indicated by the red line. Center: Global motions in PCs 1 and 2. Images were generated by deforming the average structure of the merged ensemble of all 13 variants along the ®rst or second PC. Values of {y T ,y R } and bending magnitude Â corresponding to the full range of motion along these two PCs are indicated. The blue and red structures correspond to the minimal and maximal deformations of each PC, respectively (see Computational Methodology). The global bending angles were calculated from ten structures evenly spaced between the minimal and maximal projections. Bottom: The motions of PC 32 and combined PCs 18, 20, 21, 32 , and 34 at base-pair steps 1 and 7 (left), and associated roll, rise, shift and major groove widening motions (right). Blue and red colors are used for the the minimal and maximal motions for base-pair steps 1 and 7, as viewed from the minor groove (PC 32) and from top and minor groove views (combined PCs 18, 20, 21, 32, and 34). from the Lavery and Ornstein groups, 17, 23, 24 the correlation coef®cient k for PCs 1 and 2 with TE is weak (k 0.3 AE 0.18 and k À 0.18 AE 0.08, respectively){. This is apparent from the high TE variant T25, which does not display strong majorgroove bending, and the low TE variant G26 (TE of 18%), which has preferential major-groove bending. This result underscores the importance of examining a large group of TATA variants under the same simulation protocol; selected subsets (such as the four variants WB, T27, T30, and A29 used by de Souza & Ornstein 23 ) might suggest incorrect correlations between intrinsic bending and TE.
Still, we ®nd that the overall¯exibility (as measured by the standard deviation of the ensemble global bending magnitude relative to that of WB), rather than the bending direction per se, is highly correlated with activity (k 0.71 AE 0.16):
exible sequences tend to have high TE values, as reported by de Souza & Ornstein, 23 while inactive variants are relatively stiff ( Figure 1 , top right). WB and T25, the high TE variants, are among the most exible TATA sequences; low TE variants, such as A29, C25 and T26, are much less¯exible. The overall ®t is not perfect, indicating that other factors associated with bending combine to produce favorable propensities for TBP activity.
Local deformations
Such additional factors emerge in Figure 3 from our examination of the local deformations associated with the ®rst PC (as deduced from the individual variant PCA); note that PC 1 is uniquely characterized by the bending axes ratio Áy R /Áy T . Based on visual and geometric analyses of PC 1, we de®ne three deformation categories for global bending: large local motions such as twist, roll, and shift at the central TATA base-pair steps{ 3, 4, or 5 (describing variants WB, T27, T28, G28, G26, C25, and A31); large motions at the 5 H end and/or 3 H end TATA base-pair steps 1, 2, 6, or 7 (T25 and C29); and large local motions within both central and end TATA regions (T30, T26, T24, and A29). Interestingly, low TE variants have Áy R /Áy T ratios greater than 1 (average %1.9), generally indicating rolling at central base-pair steps (since y T and y R are measured with respect to the center of the TATA element; see Computational Methodology); medium and high TE variants have ratios below 1 (average %0.5, WB has a ratio of 1.02), generally indicating rolling at the end base-pair steps. This trend emphasizes the fact that active variants possess frequent, large motions at the TATA element ends. Indeed, Pastor & Weinstein have suggested that the¯exibility of TA base-pair steps tailors TATA elements to typical TBP deformations 26 as de®ned by Suzuki et al. 49 based on several TBP/ TATA complexes.
The signi®cance of such local bend motions at the end base-pair steps is con®rmed by our uniform ensemble PCA. We ®nd that local motions, though accounting for a smaller portion of the overall motion amplitude, are much more strongly correlated with TE (k > 0.6) than the global modes (the ten topmost PCs describe 74 % of the overall motion but have k values ranging only from À0.43 to 0.30); see Table 3 and Figure 2 . The highest correlation among the top 100 PCs (k % 0.91 AE 0.15) occurs for PC 32 (accounting for only 0.3 % of overall motion), visualized in Figure 2 . It is signi®cant that PC 32 acts locally near base-pair steps 1 and 7 of the TATA element, by increasing roll and rise (Figure 2 ), as well as by modestly increasing negative tilt and undertwisting at base-pair step 1 (data not shown).
In addition to PC 32, other PCs that have relatively large k values (PCs 18, 20, 21, and 34) are associated with increased shift and rise at base-pair steps 1 and 7, and increased roll at base-pair step 7. The combined projection of these ®ve PCs illustrated in Figure 2 (combined k 0.87 AE 0.1) shows a widening of the minor groove by %1 A Ê . The relevance of these local PCs to transcription activity underscores the importance of the motion at the end base-pair steps, possibly through the development of the speci®c local deformations observed in the TBP/TATA complexes. 49 The importance of rolling at the TATA element end base-pair steps is further demonstrated by our enumeration of the percentage of trajectory conformations that are underwound (less than 29 at each of the seven interior base-pair steps of the TATA element) and possess high roll (>10 at steps 1 and 7), as suggested by Lavery and coworkers. 17, 24 Such structures may be preliminary substrates for TBP recognition, since DNA in the Motions were identi®ed by visualizing animations of the PCs and by calculating the changes to helical axis parameters as computed by Curves. 37 The relative percentage of the motion of the merged ensemble described by each PC is indicated in parentheses, as well as the correlation coef®cient k of the meansquare projection with TE for all 13 variants (equation (1)).
{ Error bars associated with k are indicated in each Figure; the largest error for all correlations reported here is AE0. 22 .
{ Base-pair steps are numbered from 1 through 7, where base-pair steps 1 and 7 correspond to T À31 /A À30 and A À25 /G À24 , respectively. complex is underwound by less than 21 on average and sharply kinked more than 40 at the end base-pair steps; 2 higher probabilities of these speci®c deformations are likely to be correlated directly to the strength of TBP binding af®nity. Figure 4 , bottom, shows that variants that have the highest probability of adopting structures satisfying the bent, underwound probability (2 % of snapshots or roughly three times per nanosecond) are T25 and WB, both with maximal TE. Though T26 (TE of <10 %) has a probability comparable to WB, we ®nd that the overall probability for the 13 sequences of adopting underwound, bent structures increases with TE (k 0.71).
Minor groove widths
The local motions discussed above at the TATA ends produce a widened minor groove. TBP binding widens the minor groove (to %12 A Ê ), producing a shallow surface that interacts easily with the concave undersaddle of TBP. 3, 4, 50 It is intriguing that the minor groove width has been linked to TATA element activity in several theoretical studies, 17, 23, 24, 51 although the signi®cance has not been estimated.
Our measurements for the 13 TATA variants, as shown in Figure 5 , indicate that many variants have widths of %6 to 7 A Ê along the 5 H and 3 H ends (near base-pairs À31/À 30 and À25/À 24), narrowing to less than 5.5 A Ê in the central region (basepairs À29 to À26). The narrowing near the central adenine-rich segment of the TATA element agrees with prior observations on TATA elements, 24 as well as with other adenine-rich sequences; 29, 52 the widening at the ends resembles structures in the DNA/TBP complexes.
2 Several variants deviate from this minor groove width pattern: the minor groove for C25 and T27 is approximately constant in width across the TATA element region, and the A-tract variant, A29, possesses an exceptionally narrow minor groove that widens at the 3 H end of the TATA element ( Figure 5 ). Analysis of the combined 5
H -end width/3 H -end width data in Figure 5 (top left) shows that the high TE variants WT and T25 have the widest minor grooves at both ends, while low TE variants (e.g. A29, C25, and T28) have narrow widths at both ends (k 0.80 AE 0.22; Figure 5 , top right). We can establish the signi®cance of these minor groove widths at the 5 H -end (mostly TA and AT base-pair steps) but not at the 3 H -end (AA and AG steps) through a comparison to high-resolution crystallographic data from the NDB 53 ( Figure 5 , bottom right). This asymmetric widening at the 5 H -end was observed in an active cyc1 promoter variant (WS) by Lavery and co-workers, 17 but not in an A-tract variant. 24 The 5 H -half of the TATA element is indeed recognized to be the more important half, 1, 50 as it may control (with TFIIA/TFIIB) the directional assembly of the pre-initiation complex. 54 
Water interactions
Since the TBP/TATA complex desolvates a large region (approximately 3150 A Ê 2 ) during complex formation, 3, 4, 55 including many hydrophobic groups of TBP, the energy of TBP must overcome DNA's tendency to ef®ciently order nearby water molecules in the minor groove. 56 The intrinsic hydration patterns of TATA variants are likely to be a factor affecting the TBP/TATA element interaction; for example, Pastor et al. observed greater water coordination around a low TE inosine variant relative to WB. 51 The importance of water structure around protein-DNA-binding sites was recently re-examined by Berman and colleagues, who observed water molecules at free DNA positions corresponding to the protein-binding residues in two CAP-DNA complexes. 34 Our analysis in Figure 4 (top) of the local water structure around TATA elements (i.e. number of water molecules per volume element at a 1 A Ê 3 volume resolution) shows that A29 and other low TE variants, such as T28, have signi®cant local water structure near the DNA, whereas medium and high TE variants (such as WB and T27) have a much lower local density near the DNA, with the water localized near phosphate groups. The high local density of water for A29 (0.257 molecules per A Ê 3 ) is expected; A-tracts are known to stabilize a long-lived minor groove water spine. 29, 57 Our estimates of enthalpic solvation energies of each variant by two methods in Figure 6 show that solvation energies do not follow the trend identi®ed in the measurements of maximal water density; instead, the solvation energies are very similar overall. Though the respective error bars are relatively large (data not shown), we suggest that entropic, rather than enthalpic, terms associated with the¯exibility and inherent DNA motions may be responsible for the clear differences observed in our variants' local water density.
Ion atmosphere
The large-scale bending motions towards the major groove commensurate with TBP activity, as we observe in WB, may be facilitated by proper cationic shielding. This general principle was demonstrated by the classic studies by Mirzabekov, Rich, and Manning on the role of asymmetrically neutralized phosphate groups in promoting bending around nucleosomes 62, 63 and recently highlighted by Maher and co-workers, who examined bending promoted by neutral phosphate analogs, 64 and by Williams, Dickerson, and coworkers, who have examined ion distribution and binding in crystallographic nucleic acid structures. 65, 66 In the case of TATA/TBP complexes, this shielding may be particularly important, because the large bending into the major groove at each TATA end introduces an electronegative pocket near the DNA (Figure 4) . Our analyses of sodium ion contacts in Figure 4 in the TATA element major groove (enumerated within a cutoff radius of 5.5 A Ê ) suggest that high TE sequences develop an optimal number of cation contacts during the simulations, differing from the network associated with medium and low TE variants. Furthermore, the attraction of ions is mildly asymmetric in high TE variants: we note a higher density of ions within a 7 A Ê sphere centered on major groove atoms for variants with larger bends at either the 5 H -end base-pair steps (T À31 /A À30 and A À30 /T À29 ) or the 3 H end (A À26 /A À25 and A À25 /G À24 ) (k 0.36; data not shown).
Discussion
The intrinsic sequence-dependent properties of TATA variants are critical factors that modulate the interaction between TBP and its recognition element. The co-crystallization of TBP with ten different TATA variants 14 demonstrated extraordinary structural similarity in different complexes, despite sequence and activity differences. Motivated by this important experimental study, we have identi®ed discerning dynamic, structural, and exibility properties for a large collection of single base-pair TATA variants that underscore DNA's structural complementarity to TBP binding and deformation.
Though the TATA DNA in complexes with TBP exists in the novel, distorted structural form termed TA-DNA, 15 the substrate DNA that TBP initially recognizes is around the equilibrium B-DNA form, which our simulations have explored. Our ongoing DNA/protein simulations have been testing the reported properties of the unusual DNA forms seen in the complexes, as described below.
The form of the DNA in the complex is certainly unusual and relevant to understanding the properties of the transcription complex; however, TBP initiates complex formation by binding to TATA elements in their equilibrium B-DNA form. Therefore, our simulations are designed to explore the properties potentially regulating the initial association between TBP and DNA.
Bending preferences and overall flexibility
Our average bending analysis of TATA variants supports the hypothesis 67, 68 that strong preferential bending may alternately promote or inhibit TBP binding. Bending towards the major groove, as noted for WB, accompanies TBP's binding and deformation, while a strong bending preference towards the minor groove, noted for the A-tract TATA variant, may inhibit complexation (Figure 1(a) ). However, overall¯exibility, rather than bending direction per se, is correlated to activity, in partial agreement with de Souza & Ornstein: 23 high-TE sequences (such as WB and T25) are signi®cantly more¯exible overall than the others. These bending preferences and¯exibilities suggest alternately low and high deformational energy barriers involved in forcing bending towards the major groove. It is intriguing that early TBP/TATA intermediates form rapidly, 69 possibly with highly bent DNA. 70, 71 This suggests that the bending and¯exibility of TATA variants may be an important factor in the early association between TBP and TATA elements and can signi®-cantly accelerate complexation. 72 
Groove widening and local motions
The nature of local structures and bending motions, as identi®ed by PCA, appears particularly important for TBP activation. Features like minor groove widening ( Figure 5 ) at the phenylalanine intercalation sites, as ®rst suggested by Lavery & Ornstein, 23, 24 can initially facilitate TBP/TATA interactions, which in turn may reinforce the opened minor groove. 73 Our analysis of the ®rst PC ( Figure 3 ) also shows that bending motions at the 5 H and 3 H -ends of the TATA element increase with activity of the TATA variant. The signi®cance of localized, preferential motions also emerges from the PCA and trajectory analysis. Notable deformations in high TE variants include positive roll, shift, and untwisting motions (Figures 2 and  4) . These preferential deformations are signi®cant, since they predispose the conversion of TATA elements to the distorted form observed in the complexes.
Though the deformations required to form the TBP/TATA complex are much larger than those we observe in the TBP-free TATA elements, little motion is required of TBP as deduced from the similarity in crystal structures between free and DNA-bound TBP (C a rmsd %0.5 A Ê ).
2,14,74
Water interactions and complex formation
The remarkable sensitivity we noted concerning the local hydration atmosphere to the DNA sequence (Figure 4 ), is compatible with observations that the minor groove is completely desolvated by TBP. 3, 4, 55 The inverse relationship we observe between the maximal water density and TE (Figure 4 ) may be correlated to the DNĀ exibility;¯exible variants have a more disordered water environment, while more rigid sequences tend to order water molecules (as in A-tracts). The increased¯exibility may in turn inhibit water molecules near the DNA from maintaining steady spatial positions. Our ®nding of minimal enthalpic solvation energy differences among our variants suggests an entropic origin for the hydration patterns, with the larger motions observed in high TE variants leading to increased disorder. This hypothesis is supported by recent observations from an MD simulation of the TBP/WB complex interpreted in tandem with hydroxyl radical footprinting; 22 it was concluded that TBP uses enthalpic and entropic Figure 1) are also shown as large green, red, and yellow circles. Center left and right, and bottom left: ensemble average minor groove widths of the TATA element region over the last 1.8 ns for the 13 TATA variants. The average width at each step is labeled relative to the WB sequence. Widths (A Ê ) are calculated as the distance between two base-pair points lying on spline curves generated on each strand from backbone phosphate atoms. The green (high TE), red (moderate TE), blue (estimated TE) and yellow (low TE) circles follow the color scheme in previous Figures. Bottom right: minor groove width analysis of high-resolution X-ray B-DNA crystal structures (blue) versus our MD results (red) for the TATA variants. A total of 24 B-DNA crystal structures with resolution 42.0 A Ê longer than 6 bp were obtained from the NDB (http://ndbserver.rutgers.edu); a list is provided in Computational Methodology. The MD data use all MD snapshots to calculate the mean and standard deviation of each step. The minor groove width per step for both the database and MD data is assigned to a step in the 5 H to 3 H -direction of the DNA strand. For both sets of data, the minor groove widths are accumulated by the sequence of the base-pair step; the respective numbers of the accumulated steps for both the MD and high-resolution database structures are indicated below the plot.
forces to stabilize solvent-exposed interactions with the TATA element.
TATA-DNA families
The combinations of factors required for optimal TBP interaction is echoed by our classi®cation of variants by their cumulative motions (Figure 7 ). This classi®cation is based on the pairwise correlations w(i,j) (equation (3) in Computational Methodology) for two variants i and j involving the average percentage of the motion stemming from the ®rst 100 ensemble PCs. We observe that our 13 DNAs fall into six classes: classes A (WB, G26, T27, Figure 6 . Solvation energy for 13 TATA variants plotted against TE. Left: the solvation enthalpy energy E was calculated as the sum of the electrostatic solvation energy f computed by Delphi 58 and a surface area (A) dependent term representing the van der Waals energies: E Rf QA b, where R is equal to 0.593 (kcal/mol)/(k B T/e), k B T is the Boltzmann factor, Q is equal to 5.42 cal/(mol A Ê 2 ), and b 0.92 kcal/mol. 59, 60 Thirty snapshots per variant were analyzed due to computational constraints. Right: the solvation energies were calculated as the sum of the molecular mechanics force-®eld non-bonded, cavitation (a surface area-dependent term), and bonded energy changes of each DNA system with respect to a reference B-DNA structure. 61 Figure 7. Grouping of TATA variants by overall¯exibility factors, based on pairwise correlation coef®cients w(i,j) for the top 100 PCs of the TATA variants (equation (3)); the top 100 PCs cumulatively describe approximately 95 % of the total motion. and T28) and B (T24, T30, and T26), which contain DNAs closely related to WB, with w % 1 (class A) and w > 0.9 (class B); class C (C29) with 0.8 < w < 0.9, which resembles class B; class D (T25), also with 0.8 < w < 0.9 but related to all other classes except F (A31); class E (G28, A29, C25), with minimal resemblance to classes A and B but resemblance to A29; and class F (A31), with no notable relation to any other class. Very roughly, the variants classi®ed close to WB are associated with higher activity, while the classes close to A29 have lower activity (Figure 7 ). This combination of factors, manifested in properties such as¯exibility (Figures 1, 3, and 7) , local motions (as illustrated in Figures 2, 4 and 7) , groove geometries ( Figure 5) , and local solvent and ion structure (Figure 4) , contribute to TBP's selectivity. The in¯uence of these structural factors and dynamic motions should further emerge in our continuing simulations of TBP/TATA complexes.
Conclusions
Understanding the structural, energetic, and dynamic aspects of eukaryotic transcription complexes has been an ongoing challenge. 9 The key eukaryotic transcriptional regulator TATA box binding protein (TBP) severely deforms the canonical B-DNA structure of the TATA recognition element, resulting in signi®cant unwinding of the DNA and bending of more than 90 . 75 It is intriguing that while these structural distortions are conserved in single base-pair variations in the TATA elements, transcriptional activity can be greatly compromised by these mutations. The extensive series of nanosecond molecular dynamics simulations reported here, coupled with crystallographic and transcriptional activity data 14 and many other works to date on TATA elements (e.g. see Table 1 ) and DNA/protein complexes have highlighted a remarkable complementarity between DNA motion and TBP. Our results provide the basis of a re®ned kinetic hypothesis for TBP/TATA recognition and the interpretation of transcriptional activity. Namely, factors identi®ed with increasing activity include enhanced global bending¯exibility, local motions such as rise, roll, and shift at the ends of the TATA recognition element, and groove widening at these ends. These motions affect the local solvent and ion structure, establishing environmental trends contributing to TBP's selectivity. Together with structural and exibility features of the ®nal DNA/TBP complex, such ®ndings highlight the role of the intrinsic DNA characteristics within the larger macromolecular assemblies associated with transcription. Our studies ®t well with the large body of work on the fundamental in¯uence of DNA sequence on biological activity 6, 7, 32 and may help the interpretation of other DNA/protein processes.
Our current hypothesis emerging from free TATA elements is now being examined closely in simulations of 13 analogous TATA/TBP complexes. Already, trends suggest that sequencedependent motions in the complexes spread globally, leading to very different interface geometries for TFIIA/TFIIB recognition. 74, 76, 77 Moreover, subtle local motions lead to altered interactions within the DNA/TBP interface. Particularly important differences emerge for the roll values at the 5 H and 3 H -phenylalanine intercalation sites, and the salt ions and water interactions. These details affect, in turn, the overall complex curvature and thus complex stability. Such sequence-dependent deformations of variant TATA/TBP complexes and their associated relevance to transcriptional activity will be detailed elsewhere.
Computational Methodology
System preparation and simulation method Each 14-bp DNA duplex (see Table 2 ) was built in the standard B-DNA conformation using InsightII (Molecular Simulations, 1998). The 5
H -terminal phosphate groups of each strand were replaced by hydroxyl groups. Ions were initially positioned 5 A Ê from the phosphate groups along the O-P-O bisector; a total of 26 sodium ions per duplex were included for charge neutralization. The initial water coordinates were generated by translation of a unit cell derived from the ice Ih hexagonal lattice, modi®ed to increase the O-O distances to match the bulk density of liquid water. 78 This procedure was used to solvate regular hexagonal prisms (71.2 A Ê height with 28.8 A Ê side) containing the DNA and ions with %4800 TIP3P water molecules. Water molecules within 1.8 A Ê of the DNA heavy atoms were carved out of the system. Periodic boundary conditions and the AMBER PARM94 force-®eld 36 converted for use in CHARMM version 26a2 79 are used for all energy minimizations and MD simulations. Non-bonded interactions are truncated at 12 A Ê , with force-shift for electrostatic and potentialswitch for van der Waals interactions.
Energy minimization of the system was divided into three stages. Initially, the DNA and ion coordinates were ®xed and only the water molecules in the system were minimized using an adopted-basis Newton-Raphson protocol for 2000 steps. In the second stage, the ion coordinates were subsequently released for 4000 steps of minimization. In the ®nal minimization stage, all atom position constraints were released and the entire system was minimized for 4000 steps.
The resulting minimized systems were heated to 300 K over 2 ps with a Leapfrog integrator. Our multipletimestep Langevin integrator, LN, 80, 81 was used to equilibrate the systems for 4 ps with timesteps Át/Át m /Át of 1/2/4 fs for fast/medium/slow force components (see below). A snapshot of the AdMLP system after 600 ps of MD simulation is shown in Figure 8 . Each trajectory was simulated by LN for 2.4 ns with the timestep protocol of 1/2/120 fs. SHAKE constraints were applied to all bonds with hydrogen atoms. Coordinates were saved every 6 ps, and the last 1.8 ns of the trajectories used for data analysis. Each 2.4 ns trajectory took about 12 days (288 hours) on four 300-MHz R12000 processors of the NYU SGI Origin 2000 computer, or 280 hours on eight 195-MHz R10000 processors of the NCSA Origin 2000 cluster. Performance details of the LN integrator (including speedup, error relative to single timestep methods, spectral densities, and geometry analyses) are discussed below.
Force-field and sampling limitations
We have chosen the AMBER force-®eld 36 over CHARMM 83 due to its general popularity and reliability for nucleic acid simulations. 20, 52, 84 Still, the AMBER94 force-®eld has been noted to prefer B-like DNA structures, 85 to undertwist B-DNA, and to offset sugar pucker angles from the C2 H -endo pucker; 52, 86 this is being recti®ed with newer versions, 87 as well as other force®elds. 83 However, many researchers consider the AMBER94 force-®eld state-of-the-art despite its limitations, 84 since it reproduces structures in agreement with experimental predictions 29, 46, 52 and reasonably models transitions between B and A-DNA forms. 88 Moreover, correcting the force-®eld undertwisting tendency is nontrivial, 84 because of the many interdependent force-®eld terms and parameters. The force-®eld dependencies are less signi®cant when results are analyzed within a large set of DNAs simulated under the same conditions, as done here.
In addition to the force-®eld limitations, even state-ofthe-art biomolecular simulations are limited by the available computational resources, though the ef®cient LN integrator 80, 81 allows us to complete 13 such trajectories
H ) with 4812 water molecules and 26 sodium ions (yellow) in a hexagonal prism domain and the performance of the LN integrator: errors in LN energy components, spectral densities for DNA and water, and selected dihedral angles relative to single timestep (1 fs) Langevin (BBK) and Velocity Verlet (VV) integrators for 4800 snapshots over 9.6 ps of the A29 variant. Top left: LN errors are shown for different energy components. The inner and medium timesteps are ®xed at 1 and 2 fs, respectively, and the outer timestep was varied from 10 to 120 fs. Other conditions, such as non-bonded truncation distances, are the same as mentioned in the text. The energy components are van der Waals (Evdw), electrostatic (Eelec), bond (Ebond), angle (Eang), torsion (Etor), and total energy (Etot); the system temperature is also shown (Temp). Top right: the spectral densities of DNA (A and B) and water (C) are shown for the LN (red lines), BBK (blue), and VV (black) integrators. The spectral densities were computed for trajectories using SHAKE (A and C) or not using SHAKE (B). Bottom left: selected geometric (deoxyribose phase P) and dihedral quantities (w, a, b, g, d, e, and z) for base-pair step 3 of the TATA element (TAAAAAAG, indicated in green) computed with LN (red), BBK (blue), and VV (black) integrators. The quantities are plotted with Dials coordinates (with 0 at North and 90 at East) where the Dials coordinate pairs t and y are time and angle, respectively. The dihedral angle nomenclature follows Saenger. 82 Bottom right: time evolution of twist , roll r, and tilt t for base-pair step 3 for the three integrators. The TE data from Hawley and Burley are normalized relative to WB (AdMLP), TATAÁAAAG, whereas the TE data from Struhl are normalized relative to the his3 promoter (TATAÁAAGT; G25/T24 in the Burley notation); the scaling factor of 0.4 suggested by Wobbe & Struhl 13 is applied to their data to re¯ect the different intrinsic activities of WB and the his3 promoter. Here, the Struhl variant T27 is actually T27/G25/T24 in the Burley and Hawley notation. Note that the TEs reported by Hawley are consistently larger than those reported in the Struhl or Burley studies by a factor of %2 or more.
in several months on multiple processors, as discussed below. Despite these inherent drawbacks of current theoretical approaches, systematic analyses of complex systems have complemented experimental studies over the past decade.
LN integrator
The LN integrator for Langevin dynamics, 80, 81, 89, 90 so called for its origin in a Langevin/Normal modes scheme, uses three force classes. The short timestep cycle updates the bond, angle, and dihedral energy terms every Át interval; the medium timestep cycle updates the non-bonded interactions within a spherical distance (7 A Ê is used here) every Át m interval; and the outer timestep Át denotes the frequency of computing the remaining non-bonded interactions (up to the global non-bond interaction cutoff). Our LN simulations used inner/medium/outer timesteps of 1/2/120 fs and a medium-range cutoff of 7 A Ê with healing and buffer lengths of 4 A Ê each{.
Similar to the global non-bonded cutoff, a force shift function smoothes the transitions between mediumrange and outer-range forces. 80 A damping constant g 10 ps À1 couples the system to a 300 K heat bath. As shown by Barth & Schlick, smaller g values generate trajectories closer to Newtonian trajectories; g in the 10 ps À1 range also ensures stability by masking resonances suf®ciently. 80, 81, 89 With this protocol, a speedup factor of 4.5 can be obtained compared to single timestep (1 fs) Verlet dynamics.
As shown in Figure 8 , different energy components are consistently smaller than 2.5 % relative to a reference single-timestep Langevin integrator during a 9.6 ps trajectory with a timestep of 1 fs (Figure 8) . Comparisons of the spectral densities of DNA and water, and the¯uctu-ations of selected geometric quantities for 4800 snapshots sampled over 9.6 ps in Figure 8 (such as the deoxyribose puckering angle, glycosidic angle w and phosphate-deoxyribose backbone dihedrals for a selected residue) indicate overall similarities between LN, the reference Langevin, and the Velocity Verlet trajectories.
The parallel version of the LN integrator was used to accelerate the simulations on four 300 MHz SGI R12000 processors of a 16 processor Silicon Graphics Origin 2000 system or eight 195 MHz SGI R10000 processors of an NCSA cluster of Origin 2000 systems (ranging from 32 to 128 processors). With the combined acceleration of LN and parallelization, a speedup factor of 18 is achieved over a single processor-single timestep Verlet simulation methodology. Each 2.4 ns trajectory takes about 48 days (1150 hours) on a single processor, about 12 days (288 hours) on four processors of the NYU Origin, or 280 hours on eight processors of an NCSA Origin.
Structure analysis
Nucleic acid structural parameters were derived from Curves, version 5.2.
37,38 Bending analysis described by global roll (y R ) and global tilt (y T ) is performed with our program Madbend 29 (http://monod.biomath.nyu.edu/, click on Software). These global angles incorporate tilt (t), roll (7), and twist () from each base-pair step as used in the prevalent models of DNA structure. Several global bending formulae have been described by the groups of Zhurkin, Trifonov, Lavery, Beveridge, and Ornstein; 17, 23, 24, 30, 31 these differ from Madbend, since they measure bending at a single angle between vectors associated with extremal base-pair steps. Our reference plane for measuring bending is the center of the TATA element (between base-pairs 4 and 5), corresponding to the appropriate 2-fold pseudo-rotation symmetry in the TBP/TATA complex.
Bending analyses in terms of ellipsoids generated by eigenvectors specifying bending direction are useful for comparison of bending trends in nucleic acids. Similar concepts have been advocated in the different context of local conformational analyses. 32 In our analysis of global bending, the major and minor axes of the ellipses bounding 90 % of the individual ensemble y R /y T data in Figure 1 were computed using PCA eigenvectors from the {y T ,y R } data. From the ranked eigenvectors (V a and V b ) and eigenvalues (a and b), we assign V a to the major axis direction, with initial length a, and V b /b to the minor axis direction/length. The ellipse size was determined by optimizing a and b in Matlab (The MathWorks, 1999) using a function f(a,b) of the ellipse area that requires 90 % of the data (M e points) to be included:
2 À c 2 (M e / (pab))], and M is the total number of points (or snapshots); a and b are the major (jaV a j) and minor (jbV b j) axis lengths, respectively; pab is the ellipse area; and c 1 and c 2 are adjustable constants (we use 800 and 5, respectively).
Water and ion probability densities were calculated on a 1 A Ê cubic lattice using procedures implemented in CHARMM (interested users are invited to contact us).
The correlation between the TE (TE i ) and a property (P i ) of variant i is calculated by evaluating the linear correlation coef®cient k(P,TE) as:
We estimate the error associated with k(P,TE) by standard error propagation techniques:
For this error, the standard deviation s Pi for each property P i of variant i is obtained from the discrete sampling of the trajectories. The standard deviation s TEi in TE of variant i is estimated from the multiple determinations of activity from different groups (see Table 4 ); if only one TE value is available, we assign the largest TE deviation of %8 % (obtained for the C29 variant). In the cases of A29 and G28 (no measurable activity) and WT (normalized to be 100 %), a zero deviation is assigned. Properties analyzed in this way include¯exibility, minor groove width, and the normalized mean-square magnitude of a PC.
Database analysis
Twenty-four B-DNA structures with a resolution less than 2 A Ê longer than 6 bp were obtained from the Nucleic Acid Database (http://ndbserver.rutgers.edu). 53 The 24 structures are: BD0005, BD0007, BD0016, BD0018, { LN simulations in combination with the particle mesh Ewald method 91 
Principal component analysis (PCA)
PCA decomposes the motions of a trajectory into independent modes, hierarchically organized so that the ®rst several modes describe most of the motion characteristics of the trajectory. PCA has been widely used to study the intrinsic motions of both nucleic acids (including global bending) 41 and proteins, 40 as mentioned in Results. We use PCA applied to each variant's trajectory (an ensemble is the 300 frames collected over the 1.8 ns production run) and develop a new procedure termed uniform ensemble PCA to directly compare the PCs among our 13 variants. The latter is based on a merged trajectory of all variants' trajectories; additional details are available below.
A covariance matrix C is constructed using the average structure from the merged con®gurational ensemble as the following sum of outer products:
where X k is the coordinate vector at the kth snapshot, and hXi is the average structure from the dynamics simulation:
The average structure used as a reference to develop the covariance matrices C is the unminimized coordinate average. Diagonalization of C produces the eigenvalues and eigenvectors as entries of Ã from the decomposition:
where Ã is the diagonal matrix with eigenvalues {l i }: diag(l 1 ,l 2 , . . . ,l 3N ). Each eigenvector V n de®nes the direction of motion of N atoms as an oscillation about the average structure hXi. The normalized magnitude of the corresponding eigenvalue (l n /AE n 1,3N l n ) indicates the relative percentage of the trajectory motions along eigenvector V n .
Uniform ensemble PCA setup
To ensure comparable numbers of atoms between different variants, we set the WB sequence to be the reference and perform the following manipulation on each variant:
1A: if the variant 3 WB conversion is a pyrimidine to pyrimidine replacement (e.g. C to T, as in C29 to WB) or a purine to purine replacement (e.g. G to A, as in G26 to WB), the phosphate/deoxyribose backbone atoms and all non-hydrogen atoms of the pyrimidine and purine rings of the mutated base-pair are maintained. Exocyclic side-chains (such as the thymine methyl group) and hydrogen atoms are then built using standard geometries, and the nucleotides are accordingly renamed.
1B: if the variant 3 WB conversion is a pyrimidine to purine replacement (e.g. A to T, as in A31 to WB) or a purine to pyrimidine replacement (e.g. T to A, as in T27 to WB), the phosphate/deoxyribose backbone atoms are again maintained. Non-hydrogen atoms of the ®ve-membered purine ring or the six-membered pyrimidine ring are used to replace the bases according to the superimposed positions of a purine and a pyrimidine in the standard B-DNA conformation. The remaining hydrogen atoms are built using standard geometries, and the nucleotides are accordingly renamed.
2: after the above base-pair replacement and adjustment, all atoms except those rebuilt from standard geometries are ®xed. A short minimization (200 steps of adopted basis Newton-Raphson) is performed to optimize the exocyclic side-chain and hydrogen positions of the replaced bases.
This procedure introduces minimal perturbations to our trajectories: all base-pair geometries are maintained, and the average relative error between local base-pair step parameters before and after replacement is less than 2 %. The average structure of the merged trajectory (3900 total frames from 13 variant trajectories of 300 frames each) is used to orient each frame of the merged trajectory to minimize the rmsd of the TATA element. The reoriented merged trajectory then produces a second average structure. The above process is repeated until the average structure converges between cycles and no rotation is necessary to minimize the rmsd.
Structure generation using PCs
An arbitrary structure Y can be generated from the average structure hXi by a displacement D along the linear combination of all eigenvectors V n with 3N scalars a n , where:
This basic method of generating structures from PCs has utility in several analysis procedures, which we describe below, such as measuring the motions of single and combined PCs (see Figures 2 and 3) .
Namely, single PCs (e.g. PCs 1, 2, and 32, Figure 2 ) are analyzed by determining the structural deformations associated with the eigenvectors. A scalar a n corresponding to the deformation D is computed by considering the minimal and maximal projection of individual PCs against the MD trajectory. The difference between the minimal and maximal projection is divided into ten equal segments. The resulting set of deformations D is used to generate 11 structures. The structures may then be analyzed with standard programs such as Curves or animated in visualization packages such as Insight.
This method can be applied to combined PCs; however, it requires that PCs be combined to form a single invariant eigenvector, though the instantaneous weight of each PC varies during an MD trajectory. If the weights are approximately comparable (as in our analysis of PCs 18, 20, 21, 32 , and 34 in Figure 1 ), we use one weight. If the weights are signi®cantly different in magnitude, we use ®ltering as described below.
PC analysis by trajectory filtering
An alternative method, ®ltering, was used to examine the combined motion of several PCs. For example, we applied this method to analysis of the top ®ve PCs of the individual variant PCA, since the relative projections of the top ®ve PCs changes rapidly and we could not combine the PCs to form a single invariant eigenvector.
In ®ltering, each trajectory snapshot X k is de®ned as the deformation X D from the average structure: X k hXi X D . The ®ltered snapshot X k ®ltered , ®ltered to display only the motions of the PC or of several PCs, is generated by considering the projection of the deformation X D against each PC:
The snapshots of the ®ltered trajectory may be analyzed with Insight or Curves as described above. Although the ®ltering method accurately reports the inherent deformations along each PC during an MD simulation, the ®ltered trajectory does not represent a linear deformation along each PC and the results are consequently more dif®cult to interpret.
PC analysis by relative magnitude of motion
Following individual or uniform ensemble PCA, we compare for each variant i the normalized mean-square magnitude of the projection along PC n, a 2 nYi :
where M i is the number of trajectory frames of variant i, TrÃ is the sum of covariance matrix eigenvalues TrÃAE n 1,3N l n , and a n,i k is the projection of sequence i Ton PC n at frame k.
For any two TATA variants i and j, we measure the similarities between the dynamic motions of the two variants by the correlation coef®cient w(i,j): nYi is the normalized mean-square magnitude of the projection of PC n for variant i and n 1, 2, 3, . . . , 100. Our cutoff value of 100 includes %95 % of the ensemble motion. This w analysis was used to generate Figure 7 .
Our PCA procedures have been applied only to the heavy (non-hydrogen) atoms of the TATA element octamer; hydrogen and heavy atoms outside the TATA element are ignored. A total of 328 atoms are included in the analysis, resulting in 984 PCs (3 Â 328). Snapshots are sampled from the last 1.8 ns of each trajectory at a frequency of Át 6 ps.
